ABSTRACT: The rate of bacterial nitrate reduction measured directly .in sediments from a hypertrophic marine ecosystem (6.0 f 1.5 mm01 m-2 d-') was similar to the value calculated from a whole pond nutrient budget (7.7 f 0.3 mm01 m-' d-') during a phytoplankton crash period. Organic matter breakdown in the sediments represented the dominant source of ammonia-N to the system (16.09 mm01 m'.' d-l compared to 2.97 mm01 m-2 d.' directly from fish excretion and 0.28 mm01 m-2 d.' in the inflow). However most, if not all, of t h~s ammonia-N d~d not reach the water col~imn as shown by a total nutrient budget for the pond. It was intercepted by the benthic flora and used to support high levels of benthic productivity (246 mm01 0 m-2 d-'; 29.72 mm01 N m-2 d-l). The benthic productivity was calculated by correcting the total system gross production (determined by a total oxygen budget) for water column productivity measured by in situ Incubated light/dark bottles. It is suggested that benthic productivity by micro-and macroalgae may be important in a number of shallow water systems a s modifiers of the flux of ammonia-N from the sediment to the overlying waters.
INTRODUCTION
One of the most important and yet difficult processes to quantify in shallow marine ecosystems is the flux of metabolites across the sediment-water interface , Hammond et al. 1985 . One method which has been used to examine this process has been to measure the pore water profile of the metabolite of concern and calculate the flux to the overlying water using Fick's 1st law (Billen 1978 , Hammond et al. 1985 , Mackin & Swinder 1989 . This procedure, however, determines the flux to the sediment-water interface but not necessarily across it, since it has been shown that in shallow marine systems with sufficient light penetration, benthic productivity can significantly modify the flux of nutrients out of the sediment (Henriksen et al. 1980 , Blackburn & Henriksen 1983 , Sundback & Graneli 1988 . This approach also misses the 'Present address: Department of Earth Sciences, Leeds University, Leeds LS2 9JT, United Kingdom O Inter-Research/Printed in Germany highly reactive floc which is often present at the sediment-water interface. Previous studies which have tried to take into account benthic productivity have generally isolated the sediment in benthic chambers in situ and then measured the change in the concentration of the dissolved nutrient over several hours in the light and the dark (e.g. Nowicki & Nixon 1985a , Asmus 1986 ). In such studies care is generally taken to exclude macroalgae (and macrobenthos and fish) from the chamber. Yet other studies have shown that macroalgae can make a major contribution to the total community productivity in such ecosystems (Nixon 1982 , Nowicki & Nixon 1985b , Cahoon & Cooke 1990 . In this study measurements were made of the rates of nitrate reduction, nitrification and ammonia-N production in the sediment and dissolved oxygen production and respiration in the water column. These data were then compared to and reconciled with the total external budgets for nitrate, ammonia-N and dissolved oxygen for a whole pond system. By this means it was possible to determine the rate of nitrate reduction in the system as a whole and the effect of benthic productivity, both macro + micro, on the flux of ammonia-N from the sediment to the overlying water. The pond studied was an extreme hypertrophic ecosystem, an experimental marine fishpond. It has a high input of nutrients from the inflow and from the fish food (Krom et al. 1985a ). Some of the highest rates of sulphate reduction ever measured in a marine ecosystem (70 to 90 mm01 m-' d-l) have been measured in the sediments of this pond (Blackburn et al. 1988) . Many eutrophic and hypertrophic systems, such as sewage outfalls, mariculture seacages or mussel rafts, polluted estuaries and embayments, and fishponds, have elevated rates of organic matter decomposition in the sediments (Tenore et al. 1982 , Blackburn et al. 1988 , Westrich & Berner 1989 , Hall et al. 1990 ). They are also frequently located in water shallow enough that light can penetrate to the sediment-water interface in sufficient amounts to support benthic primary productivity (Nixon et al. 1975 , Nixon 1982 . Thus, the results of this study, while carried out on an extreme system, are of relevance to a number of important, relatively less extreme, natural and polluted ecosystems.
Many processes are known to affect the dynamics of ammonia and nitrate in eutrophic marine systems. While the nature of many of these processes is known in considerable detail, relatively few studies have set out to examine the interaction of several processes simultaneously and their relative importance to nutrient dynamics in a complete ecosystem. In this study, while concentrating on the effect of benthic productivity on the flux of nutrients through the sedlrnentwater interface, the relative importance of several of the major processes affecting ammonia-N and nitrate dynamics was estimated.
MATERIALS AND METHODS
Description of the pond ecosystem. The experimental fishpond used in this study was situated in Eilat, Israel, on the Gulf of Eilat (Aqaba). The pond was rectangular with a surface area of 325 m 2 and a volume of 175 m3. Its average depth was 0.54 m, with a maximum depth in the central axis of 0.9 to 1.0 m. The pond was diluted with seawater from a well at a rate of 3 m3 h-' which resulted in a dilution rate of 0.4 1 pond d-'. At this flow rate, the salinity increased from 39.95 ppt i.n the inlet to 41.40 ppt in the pond due to evaporation. The pond was supplied with water pumped from a nearby seawater well. The well water had a large component (70 to 80 %) of recycled pond water, a small sewage component (ca 10 %) with the remainder belng fresh seawater from the adjacent Gulf of Eilat (Krom 1986 ). The inflowing water had reduced oxygen and pH values (160 pMand 7.8 respectively; Erez et al. 1990 ). It also contained high levels of nitrate + nitrite (ca 40 PM), silicate (ca 120 PM) and phosphate (ca 1.2 P M ) . The pond was originally constructed of coarse sand and gravel. A lining of fine silt was then placed inside to seal the pond which was then covered with a further layer of 20 cm of coarse sand. During the period of operation of the pond the coarse sand and silt had become somewhat mixed.
The pond was dried for 4 wk in August 1985, and then filled with seawater from the well. It was stocked with 800 gilthead seabream Sparus aurata of average weight 2 g and 150 small (5 to 10 g) mullet (Mugilidae). At the time of this study, the range of weight of the fish was 30 to 45 g. The fish were fed daily 550 g of artificial fish food containing 53.3 % C, 6.9 % N and 1.25 % P (Krom et al. 1985a) . This corresponds to an input rate of 8.3 mm01 N m-2 d-l. The high levels of dissolved nutrients supplied from the well to the pond support high algal biomass and productivity. The phytoplankton, which were mainly dlatoms (Chaetoceras sp., Thallassiosira sp.), showed bloom and crash cycles on a periodicity of ca 1 mo-' (Motzkin et al. 1982 , Krom et al. 1989 . The crashes were caused by microflagellate grazing (Neori unpubl.). There were no macrozooplankton in the system. The benthic microalgae were mainly diatoms and cyanobacteria, and the macroalgae principally Enteromorpha and less abundantly Ulva. In addition there were abundant benthonic macrofauna, associated particularly with the macroalgae, of amphipods, copepods, palaemon shrimps and polychaetes. S. aurata is a carnivorous fish known to feed in nature mainly on molluscans and crustaceans, Mugilidae feed on detritus.
Sampling and analysis. The inlet was sampled for dissolved nutrients at high and low tide and the average value calculated. The dissolved nutrients in the pond were collected by sampling a continuously flowing syphon situated near the outflow at 08-00 h and again at 16:OO h. The results given here are the average of the 2 values obtained. Previous studies h.ave shown the pond waters to be well mixed and that the daily average nutrient content can be satisfactorily estimated from the average of these 2 samples (Krom et al. 1989) The water samples were filtered through 0.45 pm Millipore filters and stored in iodized plastic bottles at 4 'C for a maximum of 3 d before analysis.
Nitrate + nitrite was determin.ed on a Technicon Autoanalyzer I1 using a Cd reduction method (Glibert & Loder 1977) . Total dissolved ammonia-N was determined using an automated phenol-hypochlorite method (Krom et al. 198513) . The precision (95 % confidence limits) for these determinations was 0.3 (nltrate + nitrite) and 2.0 % (ammonia-N). The samples for chlorophyll were collected from the syphon at 14:OO h each day. Samples were collected on GF/C filters and frozen for a minimum of 24 h and a maximum of 3 wk before extraction and immediate analysis. Chlorophyll a (and phaeophytin) were determined using the acetone extraction procedure given in Strickland & Parsons (1972) . The equations used to determine the chlorophyll pigment were those of Parsons & Strickland as quoted in Strickland & Parsons (1972) .
Dissolved oxygen was determined continuously by means of a sensor package mounted on a PVC pole which was deployed in the center line of the pond. It included a temperature (thermistor) sensor, and oxygen and pH electrodes. A small submerged electrical pump was used to stir the water next to the electrodes. The oxygen sensor was cal~brated daily in airsaturated seawater. In addition during several 24 h periods, Winkler oxygen samples were taken and the sensitivity of the sensors recalculated on the basis of the results obtained. Measurements were made in the pond and in the inlet to the pond. The sensor package was attached to a computer and the resulting Data Acquisition System (DAS) was operated for 26 d between 10 February and 3 April 1986 (Erez et al. 1990) .
The details of the calculations involved in the dissolved oxygen budget and their mathematical formulation are given in Erez et al. (1990) . Briefly, the calculation is based on the following rate equation:
where dO/dt = rate of oxygen production or consumption (as measured by the DAS), and P and R = gross photosynthesis and respiration, respectively, for the entire community. E = rate of exchange of oxygen with the atmosphere which is calculated from the deviation of oxygen levels from saturation, assuming slmple diffusion across the air-water interface. D = dilution rate of oxygen caused by the difference in oxygen concentration between the water flowing into and out of the ponds. This formulation is essentially similar to that introduced by Odum (1956) for flowing waters and used by Olah et al. (1978) for freshwater fish ponds. Initially R was calculated for the night time when there is no photosynthesis. Gross primary productivity was calculated using Eq. (1) and assuming the average night time respiration rate was valid for the day period. The oxygen derivative was estimated by differentiation of a 6 to 8 order polynomial fit (obtained using SIGMAPLOT) of the raw dissolved oxygen data.
A study of many of the microbial processes affecting C and N mineralization in the sediments of this pond was conducted at this time (30 March to 4 April). A brief description of the methodology of those experiments which are used directly in this study follows. For a detailed description of the procedures used the reader is refered to Blackburn et al. (1988) . The pond which is the subject of this study is referred to as pond #6 in Blackburn et al. (1988) .
Denitrification rates were measured In 4 (replicate) sediment cores. The sediment and overlying water (inlet water from the well) were spiked with acetylene to inhibit reduction of N 2 0 to NZ. The cores were incubated in the dark at ambient pond temperature, the accumulation of N, in the overlying water and the sediment measured, and the rate of denitrification calcula.ted.
Potential nitrification rates were measured by incubating surface sediment saturated with ammonia-N and dissolved oxygen.
Rates of ammonia-N production in the sediment were made by incubating sediment blended together anaerobically with "NH4C1 to give 10 % enrichment. The sediment samples were incubated for 0, 1, 2 and 3 d at ambient pond temperature and then extracted for both pore water ammonia-N and subsequently for 15NH4+ content. Sulphate reduction rates were measured by incubation of the sediment for 4h at ambient pond temperature after being spiked with "SO4. Zinc chloride was added to the sediment to ensure that all free sulphide was trapped and subsequently analysed for acid-volatile total sulphide and radiolabelled sulphide.
During selected periods, primary productivity of the water column was measured using changes in oxygen levels in light/dark bottles held at fixed depths in the pond (Strickland & Parsons 1972) . Incubations were carried out at 10. 30, 50, 70 and 90 cm depths for periods of 2 to 3 h, 3 times a day begining at 08:30 h and finishing in the late afternoon.. Dissolved oxygen was measured by Winkler titration (Strickland & Parsons 1972) Net productivity was obtained by integrating the changes in oxygen concentration over the total period of light and over the known volume of each depth interval in the pond. Light profiles were determined using a LICOR light meter.
RESULTS
From 30 January until 8 April 1986 there were large changes in water column chlorophyll a concentrations with peak (bloom) levels in excess of 60 pg 1-' at the beginning and end of the sampling penod (Fig. 1) . During the bloom perlod ammonia-N was low ( < l PM) and nitrate+nitrite was zero. During the period from 18 February until 24 March the pond had relatively low, though fluctuating, levels of chlorophyll and corres-
27 pondingly higher levels of ammonia-N and nitrate+ nitrite. The average concentration of ammonia-N in the inflow during the period 3 March to 7 April was 0.8 + 0.1 pM and that for nitrate+nitrite was 42 + 0.9 pM.
The dissolved oxygen and temperature profiles for the pond used in this study are shown in Figs. 1 & 3 (Pond 6) of Erez et al. (1990) . The light profile in the water column measured on 30 March (bloom period) at midday showed a n extinction coefficient of 0.006 cm-'. At that time light levels greater than 5 % were incident over the entire sediment of the pond and 80 % of the bottom of the pond received greater than 10 %.
Nutrient budget calculations [ l ) Outflow.
If nitrificat~on was an important process in the water column of the pond, a peak of nitrite would have been observed as the ammonia-N decreased, as has been observed in other hypertrophic systems such as freshwater fishponds (Rimon & Shilo 1982) . No such peak was observed either in this study (Fig. 1) nor in previous observations in these ponds (Krom et al. 1989) . Furthermore direct measurements of the potential nitrification rate in the surface sediments of the pond at this time indicated a total absence of this activity (Blackburn et al. 1988) .
Organic matter decomposition directly to nitrate in the water column, even under oxic conditions such as were found in the pond, is generally considered to be (2) Phytoplankton uptake (3) Sedimentary nitrate reduction. Of these processes, the inflow and outflow were (Fig. 2 ) were determined in this system an unimportant process (Blackburn pers. comm.) and was thus ignored in calculating the nitrate budget for the pond. During the crash period, high levels of ammonia-N and comparatively low levels of chlorophyll were measured in the water column. Under such conditions, phytoplankton in these ponds take up ammonia-N preferentially to nitrate (Krom et al. 1989) as has been shown previously in other marine systems in both laboratory and field studies (Goldman 1976 , Berman et al. 1984 .
Thus during the phytoplankton crash period the nitrate budget simplifies to:
where net nitrate reduction is equal to the bacterial sedimentary nitrate reduction. Inflow and Outflow are calculated from the average daily concentration measured in the inlet and outlet of the pond multiplied by flow rate of water out of the pond. During the perlod from 3 to 24 March 1986 the calculated net nitrate reduction rate was 2490 mm01 N pond-' d -' This is equivalent to a rate of 7.7 + L 0.3 mm01 N m-2 d-l over the entire area of the pond ( Table  1) . The errors were estimated as the standard error of A similar budget was not calculated for the bloom period since it was known that at that time nitrate is removed from the water column by phytoplankton uptake (Krom et al. 1989) . The interelationships between nitrate, ammonia and DON uptake were not sufficiently well quantified to enable such a budget to be calculated without large uncertainties being involved.
Conceptual model for ammonia budget in the pond. Fig. 3 represents all the major processes of importance in the budget of ammonia-N in the pond.
The possible sources of ammonia-N to the water column are:
(1) Inflow.
(2) Fish excretion. (1) Outflow.
(2) Phytoplankton uptake. (3) Uptake at the sediment-water interface by benthic primary productivity. (4) Nitrification in the water column and/or sediment. The inflow, outflow and phytoplankton uptake were determined from measurements made directly on the pond system (Fig. 3) . The concentration of ammonia-N in water flowing into a n d out of the pond was measured twice daily and the flux calculated from the mean concentration multiplied by the flow rate.
The uptake of ammonia-N by phytoplankton was estimated from the flux of chlorophyll a out of the pond. An N/chl ratio of 0.64 (pm01 N/pg chl a) was used. This ratio was estimated from the slope of the ammonia-N vs chlorophyll a curve during the rapid phytoplankton growth phase as the pond went from crash to bloom conditions when the pond was operated under similar conditions in 1985 (Ellner et al. 1988 ). This ratio is within the range of values considered reasonable for healthy phytoplankton ( 0 4 pm01 N/pg chl a ; Parsons et al. 1984) . The errors shown in Table 2 for the inflow, outflow and phytoplankton uptake were calculated a s the standard error of the mean for data collected on 19 days during the period 3 to 24 March. The calculated net removal of ammonia-N from the pond by phytoplankton uptake for the period ( 3 to 24 March 1986) was 1. 20 % (i.e. 0.52 to 0.76 pm01 N/pg chl a) then the net removal rate of ammonia-N from the pond would change from 1.63 mm01 N m-2 d -' to either 1.32 or 1.93
The excretion rate of ammonia by fish and the rate of ammonification in the sediment were determined by specific experiments. It has been shown that Sparus aurata excrete 30 O/o of the N in this particular fish food as ammonia-N into the water column (Porter et al. 1987) . No similar measurements have been made of the excretion rate of h4ugilidae. As an estimate for this comparatively small term in the budget, it was assumed that the excretion rate of Mugilidae was similar to that of S. ~U J -a t a and hence the value of ammonia excreted determined from amount of N in the food supplied (813 mm01 N pond-' d-l) was increased by a factor of 1.2, the ratio of S. aurata biomass to total fish biomass at the time of the study, to 966 mm01 N pond-' d -' (2.97 mm01 N m-2 d-l). No errors can be estimated directly for this term. The error given in Table 2 of &10% is intended to provide a n estimate to show the relative unimportance of this term in the overall budget.
As has been argued above (within the nitrate budget calculations), nitrification of ammoniun to nitrate was an insignificant process within the pond system at this time.
The rate of ammonia-N released from the bacterial breakdown of organic matter in the sediment of this pond was determined directly both from sediment incubation experiments and using the measured sulphate reduction rate and a factor of 7.93 to convert the rate to nitrogen equivalents (Blackburn et al. 1988 ). The resultant rate of ammonification in the sediment was 16.1 (13.4 to 18.8) mm01 N m-2 d-l. This was the net ammonia production after the ammonia produced equilibrated with the sediment. The source of the easily degraded organic matter included fish faeces, sedimented planktonic material, and benthic organic matter.
Having solved the ammonia budget to this point, it was found that there was considerably more arnrnonia-N supplied to the pond than could be accounted for in the outflow + phytoplankton uptake. One potential sink for ammonia-N in the system was benthic primary productivity.
The dissolved oxygen budget has been used to determine the total community metabolism of the pond during bloom periods (Erez et al. 1990 ). The community gross photosynthesis (CGP) and community respiration (CR) were calculated on several days during the crash period (CGP: 7 March, 9 March, and 11 March; CR: 6-7, 9-10, 10-1 1, and 11-12 March). The results are given in Table 3 with the errors given being the calculated standard error of the mean.
The gross photosynthesis and respiration of the water column measured by light/dark bottles are also given in Table 3 . These parameters were measured only once during the crash period (6 March). They were measured 3 tlmes with~n a period of 5 d during the bloom period (Erez et al. 1990 ). The errors given in Table 3 were calculated assuming the relative error (percentage of the value determined) was the same on both occasions. As an independent check on this value, the net system productivity of the water column was also estimated from the measured chlorophyll a in the water column by assuming that, at steady-state, the amount of chlorophyll exported from the pond each day is equal to the net productivity. Using this procedure, a C:chl ratio of 4.2 pm01 C/pg chl a and a photosynthet~c quotient of 1.25 (Williams et al. 3 .979), the Table 3 . Integrated daily rate of gross photosynthesis and respiration for the pond ecosystem during phytoplankton crash period calculated net productivity was 13.5 mm01 0 m-2 d-l. This is similar to the net productivity of 9 mm01 0 m-'d-' measured directly. The water column respiration includes both phytoplankton respiration and other heterotrophic microbial respiration in the water column. The benthic gross productivity was the total system productivity minus the water column productivity.
In order to calculate the benthic respiration, it was necessary to correct for the effect of fish respiration. Two independent methods were used for this estimate. Using laboratory estimates for the standard metabolic rate of Sparus aurata, Erez et al. (1990) estimate the fish respiration rate in the pond to be 2.2 m01 0 pond-' d-l. An alternative procedure is to assume that all the food given to the fish is used in growth, excretion of DOM and respiration. Since one of the end products of respiration by these types of fish is ammonia-N, it is possible to calculate the amount of oxygen consumed by fish respiration from the amount of ammonia-N excreted using an 0 : N molar ratio of 106: 16, a value of 6.5 m01 0 pond-' d-l was obtained.
This estimate was used to correct the values given in Table 3 . Whichever estimate is used however, the correction due to this factor was relatively small.
The uptake of ammonia-N by benthic algae (Table 2) Nitrogen input mmoles/m2/y - Fig. 4 . Approximate annual input of nitrogen and phosphorus per unit area to a number of marine and estuarine systems including the data from this study as a measure of the relative degree of eutrophication. (Figure based on that from Nixon et al. 1986) lower concentrations of ammonia-N, the C . N ratio increases to values of 14 to 16 or more. Excretion of ammonia-N by benthic macro-and microfauna was calculated by difference. The value of 12.86 mm01 N m-' d-' is considered a maximum and would be lower if the actual C: N ratio of the benthic algae (micro and macro) was higher than the 5 to 7 value used in the calculation.
An ammonia-N budget was not calculated during the bloom period because it was known that uptake by phytoplankton was relatively a more important process (Krom et al. 1989) . The errors in the total budget caused by uncertainties in the N : chl ratio, which were relatively minor in this study, became unacceptably high.
DISCUSSION
The pond is hypertrophic as defined by Barica & Mur (1979) . It is supplied with high levels of dissolved nutrients from the inflow and from fish food -so high that it is comparable to the most nutrient-rich marine systems, the Thames and Tyne estuaries in the UK, and somewhat greater than the inputs to New York Bay and the coastal area off Peru (Fig 4; Nixon et al. 1986 ). The input of nutrients is also comparable to that found in many smaller local areas such as those close to sewage outfalls (Bascom et al. 1979 ) and beneath mariculture seacages (Hall et al. 1990 , Aure & Stigebrandt 1990 or mussel rafts (Tenore et al. 1982) . Although the sediments beneath this pond are comparatively low in organic carbon (1.1 %) the rate of organic matter turnover is extremely high (Blackburn et al. 1988) .
The rate of microbial nitrate reduction in the sediment estimated In this study from the total pond budget during the phytoplankton crash period was 2.5 + 0.1 m01 N pond-' d-' which corresponds to 7.7 + 0.3 mm01 m-'d-' over the entire area of the pond. This compares to the value of 6.0 ? 1.5 mm01 m-2 d-' measured directly by Blackburn et al. (1988) . Dunng the crash period when free ammonia-N and nitrate are available in the water column, nitrate reduction represents the most important process controlling the concentration of nitrate. Nitrification and uptake by phytoplankton during the crash period are relatively insignificant within this hypertrophic system (Blackburn et al. 1988 ; this study).
The breakdown of labile organic matter in the sediments represents the dominant source of ammonia-N to the system (a minimum of 50 % of the total input; Table  2 ) . The fish themselves, despite the pond being operated as an experimental mariculture pond, have a rather small direct affect on the ammonia-N budget of the ecosystem (10 "/o of the total input). They are, however, the ultimate source of most of the particulate organic matter which is supplied to the sediment as uneaten food, faeces and sedimented planktonic material.
The principal source of ammonia-N production in the sediment is from organic matter, ultimately oxidised by sulphate reduction (Blackburn e t al. 1988) . The rates of sulphate reduction in the sediment (mean value of 70 mm01 m 2 d -' ) are 3 times higher than that measured at the 'Black Hole' in Long Island Sound, USA, a highly polluted location receiving local sewage effluent, a n d 30 times higher than North West Control (NWC), a normal nearshore location in Long Island Sound (Westrich & Berner 1989) Despite this high rate of production, most if not all of this ammonia-N did not reach the water column. It was intercepted by the benthic flora -both seaweeds and epibenthic microalgae -and was used to support the high levels of benthic productivity observed in this system. Previous studies have suggested that benthic productivity may be important in modifying the flux of nutrients from pore waters to the water column in other shallow water marine systems such as Limfjorden (Henriksen et al. 1980) , W. Kattegat (Blackburn & Henriksen 1983 ) and Potter Pond (Nowicki & Nixon 1985a) . In other studies, while no attempt was made to quantify this process directly, it has been suggested that otherwise unexplained results may be due to this process (e.g. parts of San Fransisco Bay: Hammond et al. 1985 , parts of Saginaw Bay, Lake Huron: Ullman & Aller 1989).
It has been estimated that 30 % of the totaI sediment in Narragansett Bay is situated in waters which receive 1 % of the incident light or greater (Chinman & Nixon 1985, Pilson pers. comm.) and thus may have s~g n ificant benthic productivity. Those authors who have attempted to quantify this effect used light/da.rk benthic chambers to measure this effect a n d thus concentrated on quantifying th.e effect of benthic microflora (e.g. Henriksen et al. 1980 , Sundback & Graneli 1988 . However, Nixon (1982) showed that for a variety of shallow marine lagoons, macroalgal productivity is often at least as important as rmcrofloral production. Similarly macroalgal productivity can be of considerable importance in shallow coastal regions such as those off South Carol~na, USA (Calhoun & Cooke 1990) . In this ecosystem, substantial quantities of both benthic microalgae and pelagic macroalgae were found. While no direct attempt was made to quantify the relative importance of these 2 components on either benthic productivity or the flux of nutrients from the sediment into the overlying water, it is likely that both types of flora were important. Hammond et al. (1985) noted that benthic fluxes of nutrients can be determined by use of benthic chambers, by incubation of cores in the laboratory, by use of pore water profiles together with Fick's law or by mass balance in the overlying water. They noted that use of mass balance was the least precise method because of problems in determining reactions and transport in the overlying water. Use of incubation cores in the laboratory a n d pore water profiles alone (Blackburn et al. 1988) suggested the sediments were a major source of ammonia-N directly to the water column. This study showed that the use of total nutrient budgets, despite the errors inherent in such calculations, was necessary to show the importance of benthic micro-a n d macroalgae in controlling the flux of nutrients from the sediment to the overlying water.
SUMMARY
The amount of nitrate present in the water column of this hypertrophic manne system during the period of a phytoplankton crash was controlled by microbial nitrate reduction in the surficial sediments. The rate of this nitrate reduction was calculated using a total nutrient budget of the pond system as a whole and also by specific experiments on subcores taken from the system. The rates measured directly on these subcores (6.0 f 1.5 mm01 m-' d e l ) were similar to the value calculated from a whole pond nutrient budget (7.7 f 0.3 mm01 m-2 d-l). The agreement between these 2 independent procedures supports the assumptions made in the total nutrient budget were valid. Previous studies on this pond system have shown that the principal control on the nitrate (and ammonia) concentration during the bloom periods was by phytoplankton uptake.
The budget for ammonia-N was more complex than that for nitrate. The results showed that organic matter breakdown in the sediments represented the dominant source of ammonia-N to the system (16.09 mm01 m-' d-') compared to 2.97 mm01 m d-' directly from fish excretion and 0.28 mm01 m-' d . ' i n the inflow. Despite this high rate of production in the sediment, most, if not all, this ammonia-N did not reach the water column but was intercepted by the benthic flora and used to support high levels of benthic productivity While this system is an extreme example of a hypertrophic body of water, it is on a continuum with other polluted and natural coastal marine systems. It is suggested here that benthic productivity by micro-and macroalgae may be important in a number of such shallow marine systems a s modifiers of the flux of ammonia-N from the sediment to the overlying waters. This study showed that the use of total nutrient budgets (nitrate, ammonia-N and dissolved oxygen), despite the errors inherent in such calculations, enabled me to show the importance of benthic microand macroalgae in controlling the flux of nutrients from the sediment to the overlying water while simple measurements using Fick's 1st law and laboratory flux studies missed this dominant process.
